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ABSTRACT
Hyper-Raman spectroscopy is a nonlinear optical probe which can be used to explore
the multi-photon properties of molecules.

Three studies are presented in this

dissertation. The first study is a combined experimental investigation of the surfaceenhanced hyper-Raman scattering with a theoretical study of the electronic states of the
Rhodamine 6G molecule. This study demonstrates that hyper-Raman spectroscopy
can be used to probe electronic states which are one-photon inaccessible. The second
study involves a comparison of experimentally measured resonance hyper-Raman
spectra to first-principles calculations of the resonance hyper-Raman scattering. This
study shows the utility of coupling hyper-Raman spectroscopy and hyper-Raman
calculations to define the multi-photon properties of the molecule.

The final study

compares the experimentally collected surface-enhanced hyper-Raman spectra of
Rhodamine 6G to the theoretical simulations of the resonance hyper-Raman for
identical excitation energies. In this study, the mechanism of vibronic coupling in the
hyper-Raman effect is fully explained, demonstrating the capability of hyper-Raman
spectroscopy predicting the two-photon absorption mechanism.
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INTRODUCTION
Statement of purpose
In 1965, the first observation of hyper-Raman scattering was made. Though
groundbreaking, the observed phenomenon was largely ignored by the scientific
community; studies in optical spectroscopy mostly concentrated on the linear
phenomenon of Raman scattering, exploring it in great detail. In the last decade,
however, nonlinear processes such as two-photon fluorescence, second
harmonic generation, and coherent anti-Stokes Raman scattering have brought
nonlinear optical processes to the forefront of scientific exploration.

In this

climate, hyper-Raman spectroscopy should serve as a useful tool for probing the
various factors that govern these spectroscopies. Currently, however, hyperRaman spectroscopy is studied by very few research groups and very few
papers are published studying the phenomenon each year. As such, the field
remains relatively unexplored and wide-open for new and exciting explorations of
the nonlinear interactions between light and molecules.

The work in this

dissertation began with the purpose of exploring the usefulness of hyper-Raman,
by demonstrating its capacity to probe the mysteries that surround multi-photon
processes in general. By doing so, the investigator hopes to spark a renewed
interest in a subject that has been somewhat ignored for almost fifty years.

1

Literature Background
Hyper-Raman Effect and Surface Enhancements
The hyper-Raman effect was first reported in 1965 by Terhune, Savage, and
Maker.1 The effect is due to the third order tensor in the induced dipole moment
equation:
1
2
where

⋯

is the induced dipole in the molecule due to , the oscillating energy

field incident on the molecule;

is the polarizability of the molecule; and

represents the hyperpolarizability of the molecule.

The polarizability of the

molecule determines the Raman activity of the molecule, whereas the hyperpolarizability defines the hyper-Raman activity of the molecule. Hyper-Raman
scattering occurs at 2ω0 ± ωvib, where ω0 is the incident frequency and ωvib is a
molecular vibration frequency. The Jablonski diagram for hyper-Raman is shown
in Figure 1, which shows the difference in these two energies. As it is a twophoton process, the selection rules for hyper-Raman have been calculated to be
different from those of either Raman or IR (both traditional vibrational
spectroscopies), allowing improbable IR and Raman vibrations to be probed via
hyper-Raman spectroscopy. In 1970, Long and Stanton explored the quantum
mechanics of the hyper-Raman effect, stating that hyper-Raman scattering is
often overlooked because the hyperpolarizability is generally six orders of
magnitude smaller than the polarizability of a molecule.2 For the same laser
2

Figure 1. A Jablonski diagram for both Raman and hyper-Raman spectroscopies
indicates the molecular transitions in each.

Excitation by an single incident

photon (2ω0) in Raman or two incident photons (ω0 + ω0) in hyper-Raman leads
to excitation of the molecule to a virtual state.

Subsequently, the molecule

relaxes to the ground state, while scattering a photon (2ω0 – ωvib).

3

intensity and nonresonant conditions, it has been estimated that hyper-Raman
scattering intensities are 5 to 7 orders of magnitude weaker than Raman
scattering intensities.3 For many molecules it is therefore beneficial to make use
of enhanced spectroscopy to detect hyper-Raman scattering; either through the
use of surface enhancements or resonance conditions.
Surface-enhanced Hyper-Raman Scattering (SEHRS)
The first evidence of coupling hyper-Raman with the electromagnetic
enhancement resulting from surface adsorption comes in 1982 from Murphy et
al.4

They employed the electromagnetic enhancement from a silver surface to

amplify the weak signal from hyper-Raman by adsorbing sulfur dioxide to silver
powder and measuring the hyper-Raman signal generated.

The signal

measured was weak and decayed rapidly over time to a constant level, which the
writers attribute to laser-induced morphology changes of the molecule. Many
subsequent experiments reported the surface enhancement of hyper-Raman
scattering utilizing many different plasmonic metal surfaces.

5-19

It has been

suggested that surface enhancements could lead to the detection of hyperRaman from a single molecule, but no experiment to date has shown this is
possible.20 However, recent experiments have generated greater amounts of
signal from lower laser powers (<0.01 W).21-22 This is due to recent advances in
nanoparticle

synthesis,

which

allow

engineering

of

greater

surface

enhancements.

4

Resonance Hyper-Raman (RHR)
In resonance hyper-Raman (RHR) spectroscopy, the incident photon’s (2ω0)
energy is chosen to match the excitation energy of the electronic transitions in
the molecule. RHR greatly increases the intensity of hyper-Raman scattering,
facilitating its measurement in solution.23 For an order of magnitude comparison,
it has been surmised that a resonance hyper-Raman signal may approximate the
intensities of a normal Raman signal. 2 RHR studies, however, are still hindered
by the small amount of signal generated and the requirement of powerful, pulsed
laser systems that also affect studies on non-resonant molecules. 23
Simulations of RHR scattering are also challenging.

The calculations of the

resonant first hyperpolarizability for studying RHR scattering are more
computationally demanding than the calculations of the resonant polarizability for
resonance Raman (RR) scattering. This challenge can be reduced by employing
the vibronic theory of RHR scattering developed by Ziegler et al.22 in combination
with the time-dependent wavepacket approach.24-28 The vibronic theory for RHR
involves writing the hyperpolarizability of the molecule as a sum of terms:  = A +
B + C + …, where A is the Franck-Condon (FC) term, B is the first HerzbergTeller (HT) term, C is the second HT term, etc.

Several studies have

demonstrated the utility of the vibronic theory for analyzing experimental
observations and the feasibility of RHR simulations for predicting spectra in
comparison to available experimental data.29-34 Furthermore,

it has been found

that RHR scattering is sensitive to non-Condon effects, possibly more so than
5

resonance Raman scattering.30, 34 This feature is related to the selection rules of
hyper-Raman scattering, which are complementary to Raman and IR, allowing
forbidden IR and Raman-active vibrations to be hyper-Raman active.
Rhodamine dyes
Rhodamine, as a xanthene derivative, is one of the most popular molecules to
modify as a two-photon dye.35-36

As a class of molecules, Rhodamine dye

derivatives have had a long and complex history. The first paper on Rhodamine
was published in 1905, and discusses synthesis and the use of Rhodamine as a
chelating agent for mercury ions.37

In later decades, the base Rhodamine

molecule was modified and functionalized into many different derivations,
including Rhodamine 6G (R6G), which has proved effective as a biological stain
in cancerous growths,38 as a fluorescence probe in heavy metal detection,39 and
as a gain medium for dye laser systems.40

Due to their high photostability,

Rhodamine dyes have been extensively utilized in various types of singlemolecule41-43 and fluorescence-tagging spectroscopies.44-45 Rhodamine dyes or
derivatives have recently been used as two-photon fluorescence probes for
mercury ions in live cells,46 as multi-photon probes for exploring diffusion in vivo
skin samples,47 and as benchmark molecules in two-photon excitation systems48.
A common wavelength of interest in biological studies involving Rhodamine is
800 nm, as many biological tissues are fairly transparent at both the fundamental
and second harmonic (~400 nm).46 In later years, it also became a staple in
Raman spectroscopy49-50 and specifically surface-enhanced Raman scattering
6

(SERS)16,

51-54

, as R6G was shown to have an extremely large Raman cross-

section when excited on resonance (e.g. at 514 or 532 nm)51. Its large Raman
cross-section16 made R6G the perfect candidate for the first single-molecule
SERS experiment.42
Surface Enhanced Resonance Hyper-Raman of Rhodamine 6G
The first SEHRS of R6G, reported in 1982 by Baranov and Bobovich,55 dates
from the earliest days of surface-enhanced vibrational spectroscopy.

Their

pioneering study compared SEHRS and SERS of R6G at excitation wavelengths
of 1064 and 532 nm and found dramatic differences between the two. Figure 2
displays SEHRS spectra at 1028 nm and SERS spectra at 514 nm for R6G,
illustrating these differences, even though both spectra are measured at
equivalent frequencies for the respective processes. Even 30 years after their
discovery, the origin of these differences has not been satisfactorily explained,
despite numerous studies of the two-photon properties of R6G.

8, 19, 55-59

To

further emphasize the differences in these spectra, a short discussion follows
about differences observed in the one- and two-photon absorption spectra.
In Figure 3 the one- and two-photon60 absorption (TPA) spectra of R6G between
18000 and 27000 wavenumbers are presented. We further review explanations
previously invoked to explain the difference between the SERS and SEHRS
spectra. It is well known that the SERS spectrum of Rhodamine 6G at 18900 cm1

(532 nm) is resonant; this can be confirmed by the strong absorption band
7

Figure 2. A comparison of SERS (top, P = 300 μW, tacq = 5 s) and SEHRS
(bottom, P = 6 mW, tacq = 120 s) of R6G (10-6 M) on aggregated Ag colloids taken
at excitations of 514 and 1028 nm, respectively.

8

Figure 3. The one-photon absorbance and two-photon excitation spectra60 are shown for Rhodamine 6G. Also
indicated are two transitions within the molecule: S1, which is one and two-photon accessible, and S2, which is only
two-photon accessible.
9

shown in the one-photon absorption (OPA) spectrum. This absorption in R6G is
attributed to S1, the first excited singlet state.
When the first observation of the SEHRS of R6G was made at 18900 cm-1 (1064
nm), it was also assumed to be resonant, due mainly to the strength of the signal
generated.55 This assumption was later confirmed, however, by the observation
of a peak in the TPA spectrum centered around 18900 cm-1.

These

observations suggested that the S1 transition is both one- and two-photon
allowed and therefore the S1S0 electronic transition was not governed by the
parity of the states involved. This seeming lack of symmetry elements for S1 and
S0; however, implied that the resonance enhanced SERS and SEHRS spectra
should be identical, a fact which is contrary to experimental evidence. As seen in
Figure 2, the two spectra are very different: they share very few common peaks
and the peak intensities are drastically different.

There have been multiple

attempts to explain how the two spectra can be resonant, and yet completely
different. First, it was assumed that the silver surface “extends” the one photon
absorption to energies below 10000 cm-1.61 This theory, however, can be rejected
as the TPA spectrum has an absorption in this region, despite the fact that there
is no silver in the sample. Next, it was suggested that the surface provides
greater enhancements for the hyper-Raman spectrum and those enhancements
selectively enhanced different modes.62 The latter theory can be rejected, as we
have shown that the SEHRS spectrum is identical to the non-surface enhanced
10

spectrum, at least for wavelengths where the two can be measured.63 Later, it
was proposed that the surface distorts the molecule, to create non-symmetry for
a mode that normally has symmetry.

In the two-photon spectrum, it was

assumed that the anion present distorted the molecule to present the same nonsymmetry.35 In the absorption spectra (Figure 3), a two-photon absorption can
be observed at 25000 wavenumbers, which is not observed in the one-photon
spectrum. It seems unlikely that a change in symmetry would be created in the
molecule that permits only the two-photon transition to be allowed. Furthermore,
calculations of the molecule in free space show the same absorptions, indicating
that the solvent effects are negligible in providing these absorptions.

The

question as to how the Rhodamine molecule can be resonant in both Raman at
532 nm and hyper-Raman at 1064 nm remained unsolved, until the publications
in this dissertation.

Chapter Summaries
The chapters in this dissertation outline a study conducted on one nonlinear dye
molecule, Rhodamine 6G. The study begins in Chapter I with a paper published
that identifies the use of resonance hyper-Raman to map the second excited
state of Rhodamine 6G. Chapter II outlines the discovery, through coupling of
hyper-Raman simulations and experiments, that vibrations of the Rhodamine
molecule enhance the two-photon fluorescence of the molecule. This discovery
is unique, in that most molecules do not exhibit these enhancements at a
11

measurable strength. In Chapter III, the enhancement is elucidated through the
use of molecular orbital calculations. Further, the mechanism which allows such
enhancements is brought to light.

Finally, in Chapter IV, hyper-Raman

spectroscopy experiments and simulations are compared to experiments and
simulations of IR and Raman spectroscopies. In a complicated molecule such as
Rhodamine, it is difficult to discern the properties of each, but the discussion
does illuminate how a complex molecule can appear to have modes which defy
the known selection rules for each spectroscopy.

12
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Abstract
A combined experimental and theoretical study of the surface-enhanced hyperRaman scattering (SEHRS) provides a detailed picture of the electronic excited
state of the benchmark Rhodamine 6G molecule. These results demonstrate the
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ability of SEHRS to explore excited states that are not easily accessible via onephoton

excitation

using

nonlinear

spectroscopy

at

very

low

(10−10 M)

concentrations.

Published Work
Electronic excited states play an essential role in a wide range of molecular
processes from biology1 to molecular electronics.2 Charge separation, for
example, and its subsequent transport, in organic photovoltaics occurs through
molecular excited states.3 Traditionally, experimental characterization of the
topology of molecular excited states is achieved through spectroscopic
techniques such as resonance Raman scattering.4 The sensitivity of resonance
Raman to details of the excited state potential energy landscape is clearly
elucidated in the theory of inelastic light scattering,5 although ab initio
calculations of electronic excited states remain quite challenging.
In some cases, one photon transitions to the electronic state of interest are either
very weak or forbidden and thus the methods available for probing these “dark”
states are severely restricted. These dark states, however, are often coupled to
the bright states and can play a major role in the electronic and nuclear
dynamics. Indeed, a recent study of excited state intermolecular proton transfer
demonstrated that dark states can directly affect electronic relaxation kinetics,
which subsequently alters the product branching ratios.6 In this communication
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we report a method utilizing surface enhanced hyper-Raman scattering (SEHRS)
to probe these one-photon inaccessible electronic states for analytes at low
concentration (~10-10 M). We also demonstrate that a close coupling of timedependent density functional theory (TDDFT) simulations of the two-photon
absorption spectrum and off-resonance hyper-Raman spectra yield important
insights into the nature of the probed electronic states.
Hyper-Raman scattering7 is a type of non-linear light scattering in which a photon
at ω = 2ω0 - ωvib is incoherently scattered, where ω0 is the laser frequency and
ωvib is a vibration characteristic of the material. Hyper-Raman scattering provides
information that is complementary to that obtained from IR and Raman; further
resonance hyper-Raman provides access to electronic states that are not onephoton allowed. While hyper-Raman scattering is an inherently weak process,
the signal originating from molecules located near the surface of a plasmonic
nanostructure can be enhanced by many orders of magnitude.8, 9, 10, 11 SEHRS
also contains unique information about surface symmetry12 and can be applied to
biological imaging.13
SEHRS spectra of Rhodamine 6G (R6G) adsorbed on aggregated silver colloids
were recorded for excitation wavelengths between 750-1045 nm in increments of
~15nm. This range spans the two-photon absorption spectrum of R6G14 and
selected (4 of 20) spectra are shown in Figure 4. All spectra are reported without
baseline or background corrections and typical laser powers were ~5 mW (~63
27

Figure 4. Selected (4 of 20) surface enhanced hyper-Raman spectra (SEHRS) obtained from R6G on silver
colloids for wavelengths between 750 and 1050 nm. Spectra are reported without background or baseline
correction.
28

Figure 5. Theoretical (top) and experimental (middle) one- and two-photon (Ref.
12) absorption spectra for R6G compared with ratios of the 771, 1316, 1535, and
1611 bands to the 1189 band (bottom) obtained from wavelength scanned
SEHRS experiments.
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pJ/pulse) at the sample. The concentration of R6G was 10-7 M for the wavelength
scanned experiments but we have obtained spectra with [R6G] =10-10 M.
In order to systematically explore the changes in the SEHRS spectra as a
function of excitation energy, we fit each spectrum to determine peak positions
and areas (see SI). The fitted areas were then used to plot ratios of the 771,
1316, 1535, and 1611 bands to the 1189 band as a function of excitation
wavelength. Figure 5 compares the experimental and theoretical, one- and twophoton absorption spectrum of R6G with our peak area ratios as a function of
excitation energy. The 1189 band was chosen as a reference because it remains
mostly constant over the measured range and because the large signal
difference between SEHRS and normal hyper-Raman scattering makes
calibration to an internal standard difficult.
The ratio 1316:1189 remains constant over the measured range, while the other
ratios 771:1189, 1535:1189 and 1611:1189 correlate well with peaks in the twophoton absorption spectrum suggesting these bands experience a resonance
enhancement. Further, 1535 peaks in a region where the one-photon absorption
cross section is negligible. Our theoretically calculated absorption spectra (Figure
5) are in good agreement with experiment and yield insight into the nature of the
responsible excited states. For excitation energies probed here, three excited
states, S1, S2, and S3, contribute to the absorption spectra; however, excitation to
S2 is not observed in the one-photon spectra. Figure 6 displays the frontier
orbitals involved in the electronic transitions S1←S0, S2←S0, and S3←S0. All
three states are localized on the xanthene ring region of the R6G molecule and
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indeed the major modes observed are vibrations whose motion is concentrated in
this area.
To understand in more detail the observed SEHRS spectra we calculated the offresonance hyper-Raman spectra by numerical differentiation of the static
hyperpolarizability obtained from TDDFT. Calculations at this level of theory yield
excellent agreement with experimental measurements of the absolute hyperRaman cross section of water (σTDDFT=6x10-64 cm4 s photon-1 and σexpt=6x10-63
cm4 s photon-1 at 840 nm15).

A comparison of the simulated off-resonance

spectrum with the experimental SEHRS spectrum obtained at 1050 nm (shown in
SI) yields good agreement with respect to both band positions and intensities.
The observed differences are likely due to the neglect of surface orientation16
and resonance effects in the simulations.
Resonance hyper-Raman scattering can be characterized in terms of FranckCondon scattering (A-term) and Herzberg-Teller scattering (B-term).17 If we
assume only A-term scattering, the absolute resonance hyper-Raman cross
sections for the strongest band of R6G is 1x10-59 cm4 s photon-1 on resonance
with S1, 3x10-61 cm4 s/photon on resonance with S2, and 7x10-59 cm4 s photon-1
on resonance with S3. Thus, the resonance enhancement for R6G arising from
the A-term is comparable in magnitude to the strong off-resonance hyper-Raman
cross section (6x10-60 cm4 s photon-1)

This feature of the scattering occurs

because none of the excited states have simultaneously strong one- and twophoton absorption, as observed in the absorption spectra. Calculations of B-term
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Figure 6. Frontier orbitals involved in the electronic transitions responsible for
the features in the one- and two-photon absorption spectra in Figure 5. Normal
mode coordinates and frequencies for the vibrations that experience strong
resonance enhancement: 765 for S1, 1518 for S2, 1607 for S3. Frequencies
given here are from our DFT calculations.
32

scattering for a molecule the size of R6G is non-trivial and its magnitude is likely
to be comparable or smaller than the cross sections obtained for the A-term.
The hyper-Raman spectrum of R6G, therefore, is dominated by a strong offresonance spectrum for which only a few bands are selectively enhanced by
resonance with the different electronic states. This also explains the good
agreement between the simulated off-resonance hyper-Raman spectrum
compared with the experimental SEHRS spectrum and suggests that the normal
approximations made in calculating resonance hyper-Raman scattering are not
applicable to the case of R6G. This is in sharp contrast to the resonance Raman
spectrum of R6G, which is strongly enhanced for excitations into the S1 band.
The fact that the hyper-Raman spectrum is not strongly dominated by A-term
resonance enhancements also explains why it appears very different from the
corresponding SERS spectrum, resolving a long standing question as to the
origin of the difference in the SERS and SEHRS spectra of R6G.
In this work we have demonstrated the ability of SEHRS to probe, with high
sensitivity, a molecular electronic excited state in the R6G molecule which is not
accessible via one-photon excitation. Direct comparison with ab initio simulations
of the one- and two-photon properties of R6G enabled a detailed understanding
of the relevant electronic excited states. We believe that the complementary
nature of the hyper-Raman selection rules, when combined with the large surface
enhancement factors provided by plasmonic nanostructures, yields a general
method to explore the potential energy landscape of “dark” electronic states.
33

Experimental Section
Citrate reduced Ag colloids were treated with R6G and aggregated with NaCl
(~10 mM).

The SEHRS measurements were carried out on an inverted

microscope using a 20X objective (NA=0.5). A mode-locked Ti:Sapphire (2 ps,
80 MHz) was used as the excitation source. The hyper-Raman scattered light,
after passing through an appropriate filter, was dispersed in a grating
spectrometer and detected using a CCD camera.

All spectra are reported

without baseline or background corrections. Typical laser powers were ~5 mW
(~63 pJ per pulse) at the sample. To check for the influence of R6G dimers, we
recorded SEHRS spectra with varying concentrations of R6G (between 10-5 and
10-10 mol L-1).

No changes in the spectral features were observed.

Supporting Information).

(see

We have further checked that the spectra do not

change as a function of laser power by recording spectra with excitation energies
between 500 μW and 10 mW at the sample.
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Appendix for Chapter I
I. Fitting of the Experimental SEHRS Spectra
Peak areas were calculated by fitting each spectrum with multiple Lorentzians
and a constant baseline.

The fit equations’ accuracy was determined by

monitoring the residual; the lower residual produced the more accurate fit. Once
the residuals were optimized, the equations were individually integrated to
provide the peak areas. Though not used, width is also reported in the output.
Figure 7 shows an example spectrum from 880 nm, with fit data residuals, and
sample peak data output.
II. Concentration study
To check for the influence of R6G dimers, we recorded SEHRS spectra with
concentrations of Rhodamine 6G between 10-5 and 10-10 mol L-1. No changes in
the spectral features were observed, except for a decrease in signal at lower
concentrations. The spectra reported in Figure 5 were taken at a concentration
of 10-7 M; however, we have recorded spectra with concentrations as low as 10-10
M R6G. Figure 8 shows a spectrum taken with a Rhodamine 6G concentration
of 10-10 M at 880 nm.
III. Theoretical Methods
In the time-dependent formalism the one-photon absorption (OPA) cross section
is given by1
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Figure 7. Comparison of the experimental and fitted spectrum obtained for ex =
880

nm.

38

Figure 8. SEHRS of R6G on Ag [R6G]=10-10 M at 880 nm. Raw data (left) and baseline corrected data (right).
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where Sαβ are the two-photon transition matrix elements and ħ is the photon
energy.
The ground state equilibrium geometry and normal modes for the R6G
complexes was determined using the B3LYP functional and 6-311G* basis set.
Optical properties needed for simulating OPA, including the excited state
energies used for determining the dimensionless displacements, were calculated
using the TDDFT linear response method in NWChem.3

The two-photon
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transition matrix elements were calculated using quadratic response theory as
implemented in the Dalton program.4
Simulation parameters for the OPA and TPA spectrum were determined by
shifting the peak position and changing the peak width to match the experimental
absorbance spectrum using a mixture of homogeneous and inhomogeneous
broadening. Peak height was normalized to match the experimental absorbance
spectrum by applying a scale factor to the DFT results. This accounts for lack of
solvent effects in the calculations and shortcomings in the XC-potential used.
The following parameters were used to simulate the OPA spectrum: ΓS1=500cm1

, ΓS2=1400cm-1, ΓS3=625 cm-1, Θ = 0 cm-1, and a scale factor of 1.59. For the

TPA spectrum we used: ΓS1=600cm-1, ΓS2=400cm-1, ΓS3=550 cm-1, Θ = 0 cm-1,
and a scale factor of 37.9. We also found that it was necessary to scale the S2
state two-photon transition moment by an additional factor of 1.5.
The differential hyper-Raman scattering cross section is given by5

d 16 2 h 3 3 s4 Pi

 
d
Nc 2 e 6

2

where α is the fine structure constant, νs is the frequency of the scattered
radiation, Pi is the population of the initial vibrational state, N is the number of
scatters per unit volume, h is Planck’s constant, c is the speed of light, and β is
the hyperpolarizability. The < > indicates that the hyperpolarizability tensors were

41

obtained assuming averaging over all orientations of the molecule with respect to
the incident light.6
In the time-dependent theory the A-term hyperpolarizability is given by7
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The hyper-Raman cross section on resonance with S1, S2, and S3 were
simulated using the same parameters needed for the TPA spectra. However, we
did not include the scale factors when simulating the cross sections.
Alternatively, away from strong resonances the hyperpolarizability can be written
using geometric derivatives of the electronic hyperpolarizability as6
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Qa
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with
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frequency

 a.

The

hyperpolarizability derivatives needed to simulate the off-resonance hyperRaman spectrum were calculated from using three-point finite-differentiation of
the static hyperpolarizability. These calculations were done using the response
module of the ADF program.8 We used the BP86 XC-functional and a TZP basis
set.

42

IV. Comparison of Theory and Experiment
To understand in more detail the SEHRS spectra of R6G we calculated the offresonance hyper-Raman spectra using TDDFT. The comparison between the
simulated off-resonance spectrum with the experimental SEHRS spectrum
obtained at 1050 nm is presented in Figure 9. Overall we see that there is a good
agreement between the simulated and measured spectra, both with respect to
band positions and intensities. However, there are some noticeable differences
between the simulated spectra and that measured experimentally. For example,
in the simulations, the 1315 band is the strongest whereas experimentally it is the
band at 1535. This is most likely due to the neglect of surface and resonance
effects in the simulations.

Despite these differences, the good agreement

enabled a detailed assignment of the experimental spectrum. As we discuss in
the manuscript the good agreement results because the hyper-Raman spectrum
of R6G is dominated by the off-resonance spectrum.
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Figure 9.

Simulated off-resonance hyper-Raman spectrum (top) and

experimental SEHRS spectrum obtained at 1050 nm (bottom).
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Abstract
Experimentally measured resonance hyper-Raman spectra spanning the S1S0,
S2S0, and S3S0 transitions in Rhodamine 6G are recorded. These spectra
are compared to first-principles calculations of the resonance hyper-Raman
intensity which include both Franck-Condon (A-term) and non-Condon (B-term)
scattering effects. Excellent agreement is observed between the experimental
and theoretical calculations demonstrating that first-principles calculation of
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hyper-Raman intensities are now possible for large molecules such as R6G.
Such agreement indicates that resonance hyper-Raman will now be a routine aid
for probing multiphoton processes. This work further shows that optimization of
molecular properties to enhance either A- or B-term scattering might yield
molecules with significantly enhanced two-photon properties.

Published Work
There is significant interest in utilizing multi-photon processes for applications in
all-optical switching, energy-up conversion, and biological imaging.1-4 For
example, two-photon transitions can be used in optical power limiting materials,
photodynamic
microscopy,

therapy,
and

optical

two-photon

data

storage,

two-photon

photopolymerization

for

3D

fluorescence
lithographic

microfabrication.2-7 Two-photon techniques also provide a method to probe “dark”
electronic states, i.e. those which are either forbidden or only weakly allowed via
one-photon excitation.8
Hyper-Raman scattering9 is a type of non-linear light scattering in which a photon
at =20-v is incoherently scattered, where 0 is the laser frequency and v is a
vibration characteristic of the material. Resonance hyper-Raman (RHR)
scattering provides detailed information about the geometry of two-photon
accessible excited states. For weakly allowed one- or two-photon transitions
resonance hyper-Raman scattering provides additional information about nonCondon effects, i.e. the nuclear dependence of the one- or two-photon transition
moments. The framework provided by the vibronic theory of resonance hyper48

Raman10 interprets the observed scattering intensities in terms of vibronic
coupling terms, Franck-Condon factors, and one- and two-photon dipole
moments and their nuclear dependence. This rich set of information, however, is
not easily interpreted due to the complex interplay of the various excited states
and their topology.
In this communication we report a detailed comparison of experimentally
measured and theoretically calculated resonance hyper-Raman intensities
spanning the S1S0, S2S0, and S3S0 transitions in Rhodamine 6G (R6G).
This comparison allows us to identify and to quantify the various contributions to
the resonance hyper-Raman intensities and demonstrates that reliable
calculations of resonance hyper-Raman spectra including both Franck-Condon
and non-Condon effects are now possible for large molecules such as R6G.
Furthermore, we find that the hyper-Raman scattering of R6G is dominated by
non-Condon effects and that interference between the two lowest electronic
states plays an essential role, even though they are separated by more than 100
nm (~0.4 eV).
Surface enhanced hyper-Raman spectra (SEHRS) of R6G adsorbed on
aggregated silver colloids were recorded for excitation wavelengths spanning the
two-photon absorption spectrum of R6G. The concentration of R6G was 10-7 M
and the laser bandwidth was narrowed, in comparison to our previous studies,8
by increasing the pulse length to ~6ps. While hyper-Raman scattering is an
inherently weak process, the signal originating from molecules located near the
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surface of a plasmonic nanostructure can be enhanced by many orders of
magnitude;11-14 therefore, extending the utility of hyper-Raman to wide a range of
chromophores.
Figure 10 displays the resonance hyper-Raman spectrum (Figure 10a) and the
SEHRS spectra (Figure 10b) of R6G at =825 nm. While there are minor
differences between the RHR and SEHRS spectra, the good agreement
suggests that surface effects are a minor perturbation on the spectra. Figure 10
also compares the experiment with first-principles simulations using a timedependent formalism for describing the resonance hyper-Raman scattering. The
molecular properties needed for simulating the hyper-Raman scattering were
obtained using time-dependent density-functional theory (TDDFT) using
B3LYP/6-311G*. Details of the simulations are provided in the Supporting
Information. Our simulations included the three lowest excited states (S1,S2, and
S3) and explored Franck-Condon (A-term) and non-Condon (B-term) scattering
effects.
Good agreement between theory and experiment is obtained when both A- and
B-term scattering is included (Figure 10a, b, and c). The spectra calculated using
only Franck-Condon effects (Figure 10d) does not agree with experiment
although, as expected, it appears similar to the resonance Raman spectra of
R6G. A further comparison of experimental and theoretical spectra for
wavelengths spanning the S1, S2, and S3 transitions are displayed in Figure 11.
To the best of our knowledge this represents the first first-principles calculation of
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Figure 10. Comparison of experimentally measured and theoretically calculated
resonance hyper-Raman spectra of R6G at =825nm. (a) Resonance hyperRaman of 10-3 M R6G in water, (b) SEHRS of R6G on aggregated silver colloids,
(c) TDDFT calculation of the RHR spectrum including both Condon (A-term) and
non-Condon (B-term) scattering, (d) calculations including only A-term scattering.
The spectra are measured and calculated on resonance with the two photon
S2S0 transition.
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Figure 11. Comparison of experimentally measured and theoretically calculated
hyper-Raman spectra of R6G for excitation wavelengths between 750 and 1050
nm. An asterisk (*) indicates the 1535 cm-1 peak.
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RHR intensities, including non-Condon effects, for a molecule as large as R6G.
SEHRS spectra are used for this comparison as the large two-photon excited
fluorescence of R6G overwhelms the unenhanced RHR signal of R6G without
the fluorescence quenching provided by the Ag nanoparticles. The spectrum
shown at =825nm (Figure 10) is obtained in the small region where the twophoton fluorescence is minimized.
We now interpret these effects with reference to the one- and two-photon
absorption spectrum of R6G shown in Figure 12. In a previous publication8 we
found that the dominant 1535 cm-1 band is correlated with the S2-S0 transition.
The S2S0 transition is two-photon, but only weakly one-photon allowed;
therefore, the non-Condon effects arise from the nuclear dependence of the
transition dipole moment (B1-term). In contrast S1S0 is strongly one-photon
allowed but only weakly two-photon allowed; therefore, on resonance with S1 the
non-Condon effects arise from the nuclear dependence of the two-photon
transition moments (B2-term) Figure 13compares B2 and B1 terms for the two
states and displays the normal mode associated with the strongest vibrational
band (1535 cm-1) observed on resonance with S2. From this data we must
conclude that the hyper-Raman spectrum of R6G is characterized by significant
non-Condon effects for both the S1 and the S2 states.
Non-Condon scattering is typically weak since either the two-photon or the onephoton electronic transition is forbidden (or nearly so). Our simulations show,
however, that R6G has a large differential hyper-Raman cross section of 7.6x1053
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cm4 s photon-1 sr-1 on resonance with the S2 state. At this wavelength the

contribution from the B-term is about 300 times stronger than the contribution
from the A-term. For comparison the hyper-Raman differential cross section of pnitroaniline (PNA), a prototypical push-pull molecule with a significant
hyperpolarizability, is only 4.1x10-58 cm4 s photon-1 sr-1 on resonance with a state
that is both one and two-photon allowed. This suggests that further optimization
of molecular properties to enhance either A- or B-term scattering could yield
molecules with significantly larger hyper-Raman cross-sections.
In resonance Raman scattering it is well known that interference effects in the
spectrum may arise if multiple excited states contribute to the scattering process.
This typically requires spectral overlap between the excited states as the
Franck−Condon scattering intensity falls off rapidly with detuning from
resonance. This is not the case, however, for B-term scattering and our
calculations show significant interference between the two lowest excited states
in the RHR spectra even though they are separated by more than 100 nm. On
resonance with S2 we find that the constructive interference between S2 and S1
state amounts to roughly 34% the intensity while contributions from only S2 or S1
contribute 53% and 13% respectively. While the interference is constructive
when resonant with S2 we find that it is destructive when resonant with S1.
For the S2 state we find that the two-photon transition moment (S20) and the
nuclear dependence of the transition moment (d/dQ) are almost anti-parallel.
Likewise for the S1 state the one-photon transition moment (and the nuclear
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Figure 12.

Comparison of the experimentally measured15 and theoretically calculated (this work) two-photon

absorption spectra of R6G. The ratio of the 1535 cm-1 to 1189 cm-1 peaks is reproduced from Ref. 8.
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Figure 13. Non-Condon effects in R6G. The hyper-Raman scattering resonant
with the S1 state is dominated by B2-scattering where the non-Condon effects is
due to the nuclear dependence of the two-photon transition moment. For the S2
state the hyper-Raman scattering is dominated by non-Condon effects in the
one-photon transition moment, B1 scattering. Depicted for the two electronic
states are the normal mode of the 1535cm-1 vibration and the corresponding oneand two-photon transition moments.
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dependence of the two-photon transition moment (dS/dQ) are parallel. In the
case of S1 this leads to destructive interference, whereas in the case of S2 it
leads to constructive interference.
This work demonstrates that the complex interplay of electronic excited states
encountered in resonance hyper-Raman is now accessible using first-principles
theory for large molecules such as R6G. This agreement was achieved only after
the inclusion of non-Condon terms in the theory, which yields important insights
into the two-photon properties of the molecular chromophore. Further, this work
suggests that non-Condon terms and interference effects are more important in
determining two-photon properties than previously expected. Future studies
utilizing resonance hyper-Raman and SEHRS will elucidate the complex interplay
of electronic excited states encountered in multi-photon processes such as alloptical switching, energy up-conversion, and biological imaging.
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Chapter II Appendix
I. Experimental Methods
Experimental Set-up
The Raman and hyper-Raman experiments were carried out with a Ti:sapphire laser
(Tsunami, Spectra-Physics) that is pumped with a 532 nm Nd:YAG laser (Millenium XV,
Spectra-Physics). The wavelength range of the Ti:sapphire is 690 – 1050 nm, and it
generates a 5 ps pulse (as measured with an autocorrelator) at a rate of 81 MHz. For
most wavelengths, the output can be modulated between 0.3 and 3 Watts using a halfwave plate and Glan polarizer (Thorlabs). Vertical polarization is then doubled in a
frequency doubler (Spectra-Physics), and the horizontal polarization is converted to
vertical polarization with a periscope before it is used to excite the sample. The beam is
then sent into an inverted microscope (Ti-U, Nikon) where a dichroic mirror reflects the
excitation beam through any of two objectives (20x or 60x) which is focused on the
sample.

The objective collects the back-scattered light, transmitting it through the

dichroic, and then either through the eyepiece, a NIR camera (UM-300, Uniq Vision), or
to a spectrometer (Acton, Princeton Instruments) with a back-lit CCD LN-cooled
detector (PIXIS 100, Princeton Instruments).

The Raman spectrum of liquid

cyclohexane was used to calibrate the spectrometer at 440 nm, and this calibration was
used to set the calibration of rhodamine 6G at a 880 nm exitation.
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Nanoparticle cluster synthesis
Silver nanoparticles are synthesized using the citrate reduction method specified by Lee
and Meisel [S1].

Specifically, nanoparticles were experimentally determined to be

SEHRS active when both the silver nitrate and sodium citrate are at the same
concentration (1 x 10-3 M) when creating the nanoparticles. The nanoparticle extinction
spectrum has a maximum at 498 nm.
RHR measurements
For the solution hyper-Raman measurements, an aqueous solution of rhodamine 6G is
prepared at 10-4 M. This solution was placed in a quartz cuvette, into which 0.5 W of
825 nm light was focused through a 60x objective (Nikon, NA = 0.8). Total acquisition
time is 60 minutes.
SEHRS measurements
Rhodamine 6G is added to the nanoparticle sample at a concentration of about 10-7 M,
unless specified otherwise. After approximately one hour, a small amount of sodium
chloride solution (0.1 M) is added to the colloids to force them to aggregate.
Immediately after adding the sodium chloride, the colloids change to a darker color and
24 hours after the addition all of the aggregates precipitate out of solution.

With

agitation, the nanoparticles continue to aggregate into “clusters” which are large enough
to see with the naked eye. For the SEHRS measurements, ~3 mW of 825 nm radiation
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is focused through a 20x objective (Nikon, NA = 0.5) on a single nanoparticle cluster.
The total acquisition time is 120 seconds.

II. Theoretical Methods
The theoretical spectra were simulated using the time-dependent formalism for
spectroscopy. 1,2,5,6 The two-photon absorption cross section is given by
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Similarly the resonance hyper-Raman scattering is given by
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for the B2 term.
In the above equations ħ is the photon energy of the incident light, k the excited
electronic state, μ0k the electronic transition dipole moment, δtpa the two-photon
transition strength , Sβ the two-photon transition moments, εI0 the vibrational energy of
state |I>, and |Ik(t)> is the wavepacket corresponding to the time-dependent nuclear
wavefunction of electronic state k. The two-photon absorption cross sections depend
on the fine structure constant α and fundamental charge e. In the Herzberg-Teller/B
terms, ωn is the normal mode frequency for mode Qn. The homogeneous broadening is
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treated phenomenologically using Γn. The notations (A)eq and (A)a’ indicate the property
A is evaluated at the ground state equilibrium geometry and derivative of the property
along mode Qa, respectively. The overlap between the initial and final wavepacket can
be obtained analytically using the independent mode displaced harmonic oscillator
(IMDHO) method.2
The ground state equilibrium geometry and normal modes for the R6G complexes was
determined using the B3LYP functional and 6-311G* basis set in NWChem.3 Optical
properties needed for simulating TPA and the resonance hyper-Raman scattering were
calculated using linear and quadratic response theory as implemented in the Dalton
program.4
Simulation parameters for the OPA and TPA spectrum were determined by shifting the
peak position and changing the peak width to match the experimental absorbance
spectrum using a mixture of homogeneous and inhomogeneous broadening.

Peak

height was normalized for the S3 state to match the experimental absorbance spectrum
by applying a scale factor to the DFT results. This accounts for lack of solvent effects in
the calculations and shortcomings in the XC-potential used.
The following parameters were used to simulate the TPA and resonance hyper-Raman
spectra: ΓS1=600cm-1, ΓS2=400cm-1, ΓS3=550 cm-1, Θ = 0 cm-1 (no inhomogeneous
broadening), and a scale factor of 1.59.
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CHAPTER III

SURFACE-ENHANCED HYPER-RAMAN SCATTERING ELUCIDATES THE TWOPHOTON ABSORPTION SPECTRUM OF RHODAMINE 6G
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Abstract
The surface-enhanced hyper-Raman (SEHRS) spectra of Rhodamine 6G (R6G) are
measured for two different excitation energies, ~25000 cm-1 (~810 nm) and ~19000 cm1

(1030 nm). The collected spectra are compared to time-dependent density functional

theory simulations of the resonance hyper-Raman spectra for the same excitation
energies.

The analysis of molecular orbital changes in these nonlinear transitions
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elucidates the mechanism of vibronic enhancement. This analysis is used to elucidate
features in the two-photon absorption spectra of R6G.

Introduction
The last decade has seen an exponential increase in the exploration and utilization of
multi-photon processes.1 Two-photon transitions, for example, play essential roles in
energy up-conversion,2, 3 all-optical switching,4, 5 optical data storage,6, 7 3D lithography,8, 9
and biological imaging.10-

14

The recent availability of “turn-key” mode-locked lasers

further promises intense future interest in nonlinear spectroscopy. The use of twophoton excited fluorescence, for example, has become routine in microscopy imaging
studies, yet very little is known about the two-photon properties of even routine
nonlinear chromophores, such as Rhodamine 6G.
Often, in engineering molecules suitable for two-photon fluorescence, the two-photon
absorption (TPA) spectrum is used as an indicator of the relative “strength” of the twophoton properties of a molecule. Analyzing the TPA spectrum, however, is often difficult
and it is rarely possible to make definitive assignments to the various absorption
features by relying only on TPA experiments. The inclusion of theoretical calculations
can significantly improve the situation; however, accurate calculations of nonlinear
molecular properties remain a formidable challenge.

Given the lack of discrete

information in the two-photon absorption spectra and calculations, it is necessary to use
other two-photon processes, such as hyper-Raman spectroscopy (HRS), to aid in the
interpretation of the spectra.
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Hyper-Raman scattering is a type of nonlinear spontaneous light scattering, which gives
rise to frequencies of 2ωE ± ωv, where ωE is the incident frequency and ωv is a molecular
vibration frequency. The hyper-Raman effect was first reported in 1965 by Terhune,
Savage, and Maker15 and recent progress in the application of hyper-Raman
spectroscopy was recently reviewed by Myers Kelley.16

Although multiphoton

processes, such as hyper-Raman scattering, afford advantages such as higher
selectivity, decreased risk of photo-damage to the sample, and higher penetration
depth,13,

17

the detected intensities of the processes are significantly lower. For the

same laser intensity and nonresonant conditions, it has been estimated that hyperRaman scattering intensities are 5 to 7 orders of magnitude weaker than Raman
scattering intensities.18 For many molecules it is, therefore, beneficial to make use of
surface19- 28 and resonance29-35 enhancements to detect hyper-Raman scattering.
In previous works, we utilized both resonance and surface enhancements to show nonCondon scattering can dominate a resonant hyper-Raman (RHR) spectrum and this
information can be used to assign features in the two-photon absorption spectrum of
R6G.36,

37

After a reviewing prior RHR studies of Rhodamine 6G and the theortical

framework for RHR calculations, we make a detailed comparison between theoretical
simulations and experimental measurements of RHR spectra of R6G. This combined
approach provides a detailed interpretation of the seemingly contradictory SERS and
SEHRS spectra of Rhodamine 6G. In the process, the mechanism of the one- and twophoton electronic transitions in R6G around 19000 wavenumbers emerges; thus
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demonstrating the power of resonance hyper-Raman studies to elucidate the features in
two-photon absorption spectra.
Nonlinear Spectroscopy of Rhodamine 6G
Rhodamine, a xanthene derivative, is one of the most popular molecules to modify as a
two-photon dye38, 39. Rhodamine dyes or derivatives have recently been used as twophoton fluorescence probes for mercury ions in live cells,11 as multi-photon probes for
exploring diffusion in vivo skin samples,12 and as benchmark molecules in two-photon
excitation systems13.

The first SEHRS of R6G, reported in 1982 by Baranov and

Bobovich19 dates from the earliest days of surface-enhanced vibrational spectroscopy.
Their pioneering study compared SEHRS and SERS of R6G at excitation wavelengths
of 1064 and 532 nm, respectively, and found dramatic differences between the two.
Figure 14 displays SEHRS spectra at 1028 nm and SERS spectra at 514 nm for R6G,
illustrating these differences. Even though both spectra are measured at equivalent
energies for the respective processes, the two spectra share very few common peaks
and the peak intensities are drastically different. Even 30 years this observation, the
origin of these differences has not been satisfactorily explained, despite numerous
studies of the two-photon properties of R6G. 19, 31, 38, 40, 41
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Figure 14. A comparison of SERS (top, P = 300 μW, tacq = 5 s) and SEHRS (bottom, P = 6 mW, tacq = 120 s) of
R6G (10-6 M) on aggregated Ag colloids taken at excitations of 514 and 1028 nm, respectively.
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In Figure 15, the one- and two-photon42 absorption spectra of R6G between
18000 and 27000 wavenumbers are presented.

In the spectra, a peak is

observed in the 19000 wavenumber region of the one photon absorbance, which
corresponds to a much smaller peak in the two photon absorption spectrum.
This absorption in R6G is labeled as S1 and is the first excited singlet state. The
existence of both a one- and two-photon absorption suggests that the S1
transition is both one- and two-photon allowed and therefore the S1S0
electronic transition is not governed by parity of the states involved. A lack of
symmetry elements for S1 and S0, implies that the resonance enhanced SERS
and SEHRS spectra should be identical; however, this is clearly not supported by
the experimental RHR spectra. Initial theories19, 31, 40 suggested that the spectral
differences resulted from a local symmetry breaking in the molecule: the
molecule becomes distorted on the surface of the metal or by anions in solution,
and this allows transitions of the molecule which would be otherwise forbideen.
The simple picture of symmetry “allowed” or “forbidden” transitions, however,
does not sufficiently explain the nonlinear scattering spectrum. In particular, the
S2 state at approximately 25000 wavenumbers appears to be two-photon
allowed, and one-photon forbidden; a contradiction that should not exist if the
molecule has no symmetry. In fact, Rhodamine is a relatively weak two-photon
scatterer at 19000 wavenumbers, compared to other nonlinear chromophores in
the same region.42 Understanding the mechanism of the two-photon accessible
electronic transitions in such a complex molecule is almost impossible if one
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Figure 15. The one-photon absorbance and two-photon excitation spectra42 are shown for Rhodamine 6G. Also
indicated are two transitions within the molecule: S1, which is one and two-photon accessible, and S2, which is only
two-photon

accessib
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utilizes only two-photon fluorescence or hyper-Raman spectroscopy, however,
understanding can be achieved by examining both spectroscopies.
In the past, our group utilized both theoretical simulations and hyper-Raman
experiments to show that RHR calculations can contribute greatly to
understanding the transitions between electronic states which are probed by
nonlinear spectroscopy.37 Recently, we showed that vibronic coupling enables
the one-photon allowed but two-photon forbidden state to contribute significantly
to both hyper-Raman scattering and two-photon fluorescence in this region.36
However, the the physical mechanism which facilitates the vibrational coupling in
RHR

remains

unexplored,

and

constitutes

the

subject

of

this

work.

Understanding of such mechanisms should also shed light on the nonlinear
properties of the molecule, such as its two-photon absorption profile.
Resonance Hyper-Raman Calculations
Simulations of RHR scattering require calculation of the resonant first
hyperpolarizability, which is a formidable task, and one which is more
computationally demanding than the calculations of the resonant polarizability for
resonance Raman (RR) scattering. This challenge can be reduced by employing
the vibronic theory of RHR scattering developed by Ziegler et al.43 in combination
with the time-dependent wavepacket approach.44, 45, 46, 47, 48 The vibronic theory
for RHR involves writing the hyperpolarizability of the molecule as a sum of
terms:  = A + B + C + …, where A is the Franck-Condon (FC) term, B is the first
Herzberg-Teller (HT) term, C is the second HT term, etc. Several studies have
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demonstrated the utility of the vibronic theory for analyzing experimental
observations and the feasibility of RHR simulations for predicting spectra in
comparison to available experimental data.26, 34, 35, 49, 50 Furthermore, it has been
found that RHR scattering is sensitive to non-Condon effects, possibly more so
than resonance Raman scattering.36,

51

This feature is related to the selection

rules of hyper-Raman scattering, which are complementary to Raman and IR,
allowing forbidden IR and Raman-active vibrations to be hyper-Raman active.
Figure 16 demonstrates three important cases to consider in the discussion of
resonance hyper-Raman spectra.

The following discussion assumes an

electronic transition SkS0, where S0 is the ground electronic state and Sk refers
to the kth singlet excited electronic state. In A-term scattering the transition is
allowed via both one-photon and two-photon absorption. Therefore, both the
two-photon transition dipole moment (Sk0) and the one-photon transition dipole
moment (µ0k) have non-zero values. In this case, the resonance hyper-Raman
scattering is calculated using the FC overlap between the initial and final
vibrational states of the molecule and, just as in resonance Raman, these
overlap terms are called “A-term” contributions to the resonance hyper-Raman
spectrum or A-term scattering, for short.52,

53, 54

The notation Sk0 refers to the

amplitude of the two-photon excited transition SkS0, and should not be
confused with the labeling of the singlet electronic states (e.g. S0, S1, Sk, …).
In the other two cases, the transition is allowed in either the two-photon
absorption or the one-photon absorption, but is forbidden or weakly allowed, in
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Figure 16. Terms included in the calculation of resonance hyper-Raman spectra. In a both one- and two- photon
allowed transition Sk  S0, both the two-photon transition dipole (Sk0) and one-photon transition dipole (μ0k) are
non-zero. However, in cases where the one-photon transition is forbidden/weakly allowed (μ0k is zero or nearly
zero) or where the two-photon transition is forbidden/weakly allowed (when Sk0 is zero or nearly zero), then vibronic
coupling may produce non-zero terms (dμ0k/dQ

and dSk0/dQ, respectively) that contribute to the resonant hyper-

Raman calculation at these wavelengths.
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the other absorption. For these, at least one of the transition dipole moments
(µ0k or Sk0) is zero or very small, which leads to weaker resonance hyper-Raman
intensity via A-term scattering for that transition.

In the well-known Condon

approximation, it is usually assumed that µ0k or Sk0 do not depend strongly on the
nuclear coordinates (Q).

Molecular vibrations, however, can couple together

nearby electronic states via the derivative of the one-photon transition dipole
moment (dµ0k/dQ) or of the two-photon transition dipole moment (dSk0/dQ).
These terms provide an addition mechanism for the enhancement of the
resonance hyper-Raman cross section. It is important to realize that although the
two-photon transition dipole moments are calculated directly using quadratic
response theory is formally contains a sum over all intermediate states. This is
valid as long as the incident light is not resonant with any intermediate states.
The direct calculation of the two-photon transition moments is computational
advantageous since it avoids the explicit sum, however, it also means that
individual contributions from intermediate states cannot be identified. The
couplings terms can be calculated by the HT approximation, and as in resonance
Raman, these terms are referred to as “B-term” contributions. In RHR they are
divided into two types: B1, where the two-photon transition is allowed, and the
one-photon transition is vibronically coupled; and B2, where the one-photon
transition is allowed, and the two-photon transition is vibronically coupled.
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Experimental Methods
Experimental Set-up
The experimental set-up, similar to ones used in previous experiments37, is
shown in Figure 17.

In detail, the pump laser used is capable of 15 W of

continuous wave 532 nm radiation (Millenia Pro, Spectra-Physics). The oscillator
is a Ti: sapphire (Tsunami, Spectra-Physics), which is equipped with broadband
optics to allow the ~5 ps pulse to be tuned to a selected wavelength between 690
and 1080 nm.

The fundamental from the Ti: sapphire is split, using a

combination half-wave plate (Thor Labs) and Glan polarizer (Thor Labs). The
horizontal polarization is used to irradiate the sample, while the vertical
polarization is frequency doubled via a second harmonic generator (SHG, Model
3890, Spectra-Physics). The excitation beam is directed into the back port of an
inverted microscope (Ti-U, Nikon), through a 20x, NA = 0.5, objective (Nikon)
which is focused on the sample. A 690 nm short pass filter (Semrock) is used to
reduce the intensity of the laser line before it is reflected to the spectrometer
(Acton, Princeton Instruments). The detector is a back-illuminated CCD camera
(Spec-10, Princeton Instruments) which is operated using either the commercially
available Winspec (Princeton Instruments) or a homebuilt LabView program.
SERS/SEHRS sample preparation and use
Collodial silver nanoparticles were synthesized using the Lee and Meisel
method.55 Specifically, 200 mL of 2 × 10-3 M silver nitrate (Sigma Aldrich) is
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Figure 17.

Experimental set-up for surface-enhanced and bulk Raman and hyper-Raman experiments.

An

Nd:YAG pumped Ti:Sapphire output is split using a half-wave plate and Glan-Polarizer (labeled GP on diagram).
The vertical polarization is sent to a second harmonic generator (SHG) and the horizontal polarization is converted
to vertical before entering the scope (using a periscope – not pictured).
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brought to a boil. Then, 50 milligrams of sodium citrate monohydrate (Sigma
Aldrich) dissolved in a small amount (~5 mL) of water is added.

After

approximately 30 minutes, the volume of the solution is less than 150 mL, and
has turned a light green in color. The solution is then removed from the heat
source, and allowed to cool.

This produces mostly spherical nanoparticles

around 30 nm in diameter. 30 mL of this solution is then mixed with 1 mL of 10-5
M R6G (Acros). The nanoparticles almost immediately begin to crash out, as the
solution turns dark.

Sodium bromide (Sigma Aldrich) is then added to this

sample to produce a final concentration of 10-2 M bromide ions. The colloids are
allowed to aggregate into clusters which average approximately 1-2 microns in
size. For hyper-Raman measurements, approximately 6 mW of laser power is
focused on one of these aggregates. Rastering the sample prevents the ablation
of the nanoparticle aggregates, due to the high laser power used. Since the
hyper Rayleigh scattering from the sample is approximately the same order of
magnitude as the hyper-Raman, no filter was needed to limit its intensity. In
Raman measurements, less than 1 mW of laser power is focused on an
aggregate. Since the Rayleigh line is much more intense than the Raman lines,
a filter must be used to limit its intensity.

Theoretical Methods
Geometry optimization and normal mode calculations were performed in
NWChem using B3LYP/6-311G*.56 These calculations yield both vibrations of
the molecule and IR intensities. For all simulations, the normal modes were
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scaled by a constant factor of 0.98. Dimensionless displacements (Δ), transition
dipole moment derivatives (dμ/dQ), and two-photon transition moment derivatives
(dS/dQ) were evaluated using finite differentiation of properties calculated with
the linear and quadratic response modules in Dalton 2.0 with B3LYP/6-311G*.57
Empirical solvent shifts on the order of 0.20 to 0.56 eV were applied to each
excitation to facilitate comparison with experimental data. A detailed description
of the simulation procedure can be found in previous publications. 58, 59 However,
a simplified physical description of the calculated scattering “terms” is included
here.
The simulations of vibronic coupling are based on the time-dependent
wavepacket approach pioneered by Heller et al.14 Focusing on the expression
for RHR (e.g.

∝| | I

∝ |β| , the sum-over-states expression for the

molecular first hyperpolarizability is written using the Born-Oppenheimer
approximation and expressed in the time-domain by using a Fourier transform.
The result is then simplified by employing the time-propagator for the kth excited
state and closure over the corresponding intermediate vibrational states.
Vibrational overlaps in this method are evaluated using the independent-mode,
displaced harmonic oscillator model. The one-photon transition dipole moment
(0k) and two-photon transition dipole moment (Sk0) can then be expanded in a
series with respect to the normal modes:

 0k   0k   a
eq

 0k
Qa   μ
Qa

μ

∑

Q

⋯

(1)
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and,

 

S k0  S k0

eq

 b

S k 0
Qb  
Qb

(2)
where the superscript “eq” refers to a quantity evaluated at the ground state
equilibrium geometry. Based on the series expansions, we can write the first
hyperpolarizability as a series:  = A + B1 + B2 + … where the A term is the FC
term and B1/B2 are the first HT terms. The final expressions are for A, B1, and B2
are written as a product between the transition dipole moments connecting the
ground state to the kth excited state and a lineshape function containing vibronic
information, i.e.:

A    0k  S k 0   L[E k 0 , kv0 ,  v ,  E , gk (t)]
eq

eq

k

B1   
k

a

 0k k 0 eq
S   M a [E k 0 , k0v ,  v ,  E , gk (t)]

Qa

B2    
k

b

0k



eq

S k 0
 N b [E k 0 , kv0 ,  v ,  E , gk (t)]
Qb

Where Ek0 is the electronic excitation energy,  kv0 Δ

(3)

(4)

(5)
is the vibronic coupling

constant for the normal mode with frequency v, E is the incident frequency,
and gk(t) is a function defining the homogeneous and inhomogeneous
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broadening for the kth excited state. Specific forms of the lineshape functions L,
Ma, and Nb can be found in prior publications.58, 59
The vibronic model described above relies on the harmonic oscillator model to
evaluate overlaps between vibrational states. This means that normal modes
sensitive to anharmonic effects are poorly described by the present model. Also,
Duschinski rotations are neglected, i.e. ground and excite states are assumed to
have identical vibrational frequencies. The determination of the vibronic coupling
constants is sensitive to the description of the electronic structure in the ground
and excited states in addition to the molecular geometry. Therefore, the choice
of the exchange-correlation functional from density functional theory is
paramount to describing the potential energy surface, excitation energies, and
transition moments accurately. Furthermore, it is required that the electronic
states are well separated to ensure that the numerical evaluation of the
derivatives required to obtain vibronic coupling constants and the B1 and B2
terms remain valid. For R6G, the S1 and S2 states are separated by
approximately 0.35 eV for the functional chosen here, allowing for the derivatives
to be evaluated accurately.

Results
Vibronic Coupling in Resonance Hyper-Raman Spectra
A comparison of the experimentally measured and theoretically simulated hyperRaman spectrum on resonance with the S1S0 transition (19000 cm-1) is
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displayed in Figure 18. We previously showed that inclusion of the B-type
scattering terms is required to achieve agreement between experiment and
theory in this region.36 Here we expand that observation to explore the relative
contributions of the A, B1, and B2 terms. At this energy (19000 cm-1, 1030 nm) a
small contribution from A-term scattering is visible; however, the majority of the
spectrum results from B2 term. While S1S0 is a strong one-photon transition, it
has a small two-photon dipole transition moment (S10); therefore, vibrations
which modify the transition moment (dS10 / dQ) are featured prominately in the
resonance hyper-Raman spectrum.

Further, Figure 5 illustrates that the

spectrum at this excitation energy is almost entirely dominated by the B2 term.
It is interesting to contrast this results in Figure 18 (S1S0) with spectra obtained
on resonance with the S2S0 (24000 cm-1, 820 nm), which is given in Figure 19.
No contribution from the A term contribution is evident, as the S2S0 transition is
only two-photon allowed (see Figure 15). Instead, the spectrum is dominated by
B1-term scattering. The one-photon transition dipole moment (µ02) is close to
zero, and the vibrationally coupled dipole moment (dµ02 / dQ) is non-zero.
Interestingly, a significant portion of the hyper-Raman spectrum on resonance
with S2S0 can be attributed to B2 scattering, even though the transition is twophoton allowed and one would expect the two-photon transition dipole moment
(S20) to be greater than its vibrationally coupled
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Figure 18. Comparison of experimental and calculated resonance hyper-Raman
spectra at an excitation energy of 19000 cm-1 (1030 nm). The contributions to
the simulated spectra from the individual resonance hyper-Raman terms are also
presented: A term (FC), B1 term (HT), and B2-term (HT). At this energy the RHR
scattering is dominated by B1 activity.
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Figure 19. Comparison of experimental and calculated resonance hyper-Raman
spectra at an excitation energy of of 24000 cm-1 (810 nm). The contributions to
the simulated spectra from the individual resonance hyper-Raman terms are also
presented: A term (FC), B1 term (HT), and B2-term (HT). At this energy the RHR
scattering is dominated by B1 activity.
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derivative (dS20 / dQ).

Therefore, we must conclude that scattering at this

wavelength involves significant interference between the S2S0 and the S1S0
transitions, even though their absorption bands do not overlap. Further
theoretical and experiments investigations may reveal this to be a more common
feature of RHR scattering than previously anticipated.
For S1S0 and S2S0 transitions in R6G, the magnitude of the B term
contributions to RHR scattering is unusual based on comparisons to other
molecules that are A term scatterers in RR and RHR. In RR scattering, B terms
(governed by 0k and dk0/dQ) are expected to have low intensity because the
transition must be weakly allowed. RHR scattering, in contrast, has B terms
governed by the two mechanisms described in Figure 16 (i.e. the transition is
one-photon forbidden/two-photon allowed for B1 term scattering or one-photon
allowed/two-photon forbidden for B2 term scattering).

The structure of R6G

possesses nearly Cs symmetry, with a mirror plane containing the carboxyphenyl
ring (see Figure 20). This causes the one- and two-photon transitions to be
mutually exclusive because R6G is almost centrosymmetric.

Therefore, the

intense B term scattering on resonance with the S1S0 and S2S0 transition is
justified since the one- and two-photon transitions cannot simultaneously be
strong.
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One- and Two-photon Absorption Spectra: Theory and Experiment
Comparison
Figure 20 displays the transitions and associated molecular orbitals for
Rhodamine 6G in the 18000 to 27000 cm-1 energy range (center panel). Here
we designate the highest occupied molecular orbital (HOMO) to lowest
unoccupied molecular orbital (LUMO) (S1S0) and HOMO-1 to LUMO (S2S0)
transitions as S1 and S2. Comparison of the experimental one-photon absorption
and two-photon absorption32, 59 with simulated spectra are shown in the left and
right panels, respectively. The simulated results incorporate the empirical shifts
described in the Theoretical Methods, and spectra obtained with and without
vibronic effects are presented. When vibronic effects are included, we further
compare spectra obtained with only FC couplings (green line) and those obtained
with a sum of FC and HT terms (red line).
The molecular orbitals (Figure 20) illustrate that R6G has local symmetry
associated with the S1 and S2 electronic states, due to the localization of the
orbitals in the xanthene ring.

Assuming Cs symmetry, the HOMO is anti-

symmetric in the σv plane, while the LUMO and HOMO-1 are symmetric in the
same plane. An excitation from HOMO to LUMO must be accompanied by a
change in symmetry, and therefore will be one-photon allowed but not twophoton allowed. This transition (S1S0) occurs at 19000 cm-1 (~530 nm via one
photon transition). The transition from HOMO-1 to LUMO is not accompanied by
a change in symmetry, and therefore is expected to be two-photon allowed but
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Figure 20. Comparison of one-photon absorption spectra (left) to the two-photon absorption spectra32 (right) of
Rhodamine 6G and the electronic transitions excited in the molecular orbitals (middle). The absorption spectra are
broken into three parts:

a) the experimental absorption spectrum, b) the theory simulated spectrum without

vibronic coupling (Lorentzian broadened with 0.10 eV full-width at half maximum), and c) the theory simulated
absorption spectra, calculated with FC vibronic coupling (orange) and with FC and HT vibronic coupling (red)
spectra.
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not one-photon allowed. This transition, which is assigned to S2, occurs at 24000
cm-1 (~405 nm). No other transitions are identified in the 18000 cm-1 - 23000 cm1

region in either experiment or theory.

The one-photon absorption spectra (Figure 20, left panel) follow the expectation
established by the molecular orbitals: the S1S0 transition is dominant and the
S2S0 transition is nearly zero. The simulated spectra are in good agreement
with experiment and the shoulder that occurs to the red of the main S1S0
transition (~20000 cm-1) does not appear in the purely electronic transition
spectrum. When FC vibronic coupling is included in the absorption simulations,
however, the shoulder appears in the spectrum. This shows that there is a nonzero component contribution from the FC term to the one-photon absorption
spectrum. This agrees with previous simulations of one-photon absorption for the
S1S0 transition of R6G.60 When HT coupling is included in the one-photon
absorption calculations, very little change is observed, since the HT term
contribution to the one-photon absorption spectrum is very weak.
The two-photon absorbance spectra (Figure 20, right panel) deviate from the
spectrum expected based purely on the symmetry of the molecular orbitals.
While the S2S0 transition shows a strong absorption band, as expected, S1S0
also appears in the experimental and theoretical spectra. The most likely reason
for this weakly allowed transition is that, in both HOMO and LUMO, there are
portions of the electronic structure that extend into the phenyl ring.

These

components have a symmetric overlap that makes the S1 transition in the two90

photon absorption weakly allowed.

In the FC vibronic coupling spectra, a

shoulder, centered around 26000 cm-1, appears for the S2 state, which mimics
the shoulder in the experimental spectrum. However, the shoulder that appears
in the S1 spectrum, centered around 20000 cm-1, only appears when the HT
vibronic coupling is included in the simulations. It is evident from this comparison
that the full understanding of the two-photon absorption spectrum can only be
achieved through use of HT vibronic coupling terms. We have further confidence
in this assignment from the strong B-term contribution to the RHR scattering in
this region.

Improvement of the intensities of the S1 and S2 may require

including a solvent model in the calculations of excited state properties60,
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or

changing the exchange-correlation functional used.
Origin of the non-Condon Scattering
Using a molecular orbital approach it is further possible to understand why only
select vibrational modes of the R6G molecule experience a strong hyper-Raman
enhancement. The diagrams in Figure 21 and Figure 22 indicate the orbitals
involved in the S1S0 and S2S0 transitions respectively and, additionally,
illustrate the changes in the orbitals induced by vibration along the 1535 cm-1
coordinate. This mode was selected as it shows the greatest intensity in the
S1S0 and S2S0 resonance spectra. The difference orbitals are generated by
subtraction of the absolute value of the original molecular orbital from the
absolute value of the perturbed molecular orbital.

The perturbed orbital is

calculated after a 1% displacement along the vibrational coordinate. The green
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Figure 21. Molecular orbitals involved in the S1S0 transition. The transition from HOMO (upper left) to LUMO
(lower) is symmetry forbidden for a two-photon transition, as it involves a transition from an asymmetric orbital to a
symmetric orbital. However, vibronic coupling of the 1535 cm-1 vibration to the HOMO yields asymmetric changes
(upper right - red indicates a negative change, green a positive change) in the HOMO which allows a two-photon
transition to the symmetric LUMO.
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Figure 22. Molecular orbitals involved in the S2S0 transition. The transition from LUMO (lower) to HOMO-1
(upper left) is symmetry forbidden for a one-photon transition, as it involves a transition from a symmetric orbital to
a symmetric orbital. However, vibronic coupling to the 1535 cm-1 vibration yields asymmetric changes (upper right
– red indicates a negative change, green a positive change) in the HOMO-1 which allows a two-photon transition to
the symmetric LUMO.
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areas represent where the orbital increased, and the red represent areas where
the orbital decreased.
As can be seen for S1S0, (Figure 21) anti-symmetric modes like 1535 cm-1 can
perturb the ground state anti-symmetrically, thus creating a more symmetric
orbital. This perturbed orbital then enables a stronger two-photon transition to
the symmetric LUMO orbital.

Once excited to the symmetric LUMO, a one-

photon transition is allowed down to the anti-symmetric HOMO.

These

theoretical studies provide an interesting physical insight into the method of
Herzberg-Teller coupling in the resonance hyper-Raman spectrum.

In this

transition, one side of the xanthene ring in Rhodamine, acting as an electrondonating group (Figure 21, upper right – red), utilizes the pi backbone of the
xanthene structure to transfer electron density to the other side of the xanthene
ring, which acts as an electron-accepting group (Figure 21, upper right – green).
Therefore, the nonlinear optical properties of the molecule become enhanced as
indicated by the intense resonance contribution of the mode to the hyper-Raman
spectrum.

In this manner, R6G behaves much like a push-pull chromophore, a

molecule with donating and accepting groups which has enhanced nonlinear
optical characteristics.62

Without the use of resonance hyper-Raman

experiments and simulations, the push-pull character of R6G would not be
identifiable.
In the S2S0 transition (Figure 22), the two-photon transition from symmetric
HOMO-1 to symmetric LUMO is strongly allowed. In this case, anti-symmetric
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modes like 1535 cm-1 can induce anti-symmetry into the otherwise symmetric
HOMO-1. This allows the one-photon transition from LUMO to the perturbed
HOMO-1. The reason that both S2 and S1 appear to have the same resonant
modes is that the modes show different activities in each hyper-Raman transition.
In S1, the modes are B2 active, while in S2, they are mostly B1 active (though they
exhibit some B2 activity as well.) Similar to the behavior observed for S1S0,
R6G behaves as a push-pull chromophore in this instance, as well. The pushpull character, however, is utilized in this mode to enhance a single photon
transition, instead of a two-photon transition.

Conclusion
Rhodamine 6G has served as a benchmark molecule in fields such as surface
enhanced spectroscopy and two-photon imaging. Despite its widespread use,
detailed assignments of the two-photon absorption spectrum have been lacking.
In this study, we find that the resonance hyper-Raman scattering of R6G
demonstrates both Franck-Condon (A-term) and Herzberg-Teller (B-term)
coupling; and these features are further carried into the more averaged features
of its absorption spectrum. In the examination of vibronic coupling, it is evident
that the reason both SERS at 532 nm and SEHRS at 1064 nm spectra of
Rhodamine 6G are resonant is that both experience different types of resonant
scattering.

Only with examining both A and B-term scattering calculations, the

two-photon properties of this rich molecule can be fully understood.
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CONCLUSION
Hyper-Raman spectroscopy serves as a robust method for determining the multiphoton properties of molecules.

In the case of Rhodamine, coupling hyper-

Raman spectroscopy with theoretical calculations allows for the probing of
molecular states which are inaccessible to linear spectroscopies. Hyper-Raman
scattering also yields greater vibrational coupling than expected, at least for
molecules which have two-photon accessible states which are not one-photon
accessible. And finally, the mechanisms in hyper-Raman scattering that lead to
vibrational coupling can be used to engineer strong two-photon absorptions in a
molecule. Due to these reasons, hyper-Raman spectroscopy is an important tool
to use in understanding the multi-photon properties of molecules.
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